Mechanism of Diamond Nucleation on Titanium Substrate under Very Low Pressure 
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Nucleation and its mechanism of diamond on titanium substrates under very low pressure was 
studied using hot-filament chemical vapor deposition. Very high nucleation rates and densities 
(10 s -10 10 cm 2 ) were obtained under 1 torr, which were 1-3 orders of magnitude higher than the 
counterpart (10 7 cm~ 2 ) under conventionally low pressure (tens of torr). The effects of substrate 
temperature and methane concentration under very low pressure were also investigated, revealing 
that, overly high substrate temperature leads to a relatively low nucleation density, and that higher 
CH4 concentration gives rise to a higher density and a higher rate. The nucleation mechanism 
is discussed in detail. While a large amount of atomic hydrogen creates nucleating sites, sufficient 
supersaturation of carbon and/or hydrocarbon species on/near the substrate surface is the key factor 
for nucleation, in competition against the rapid formation of carbide. Very low pressure leads to long 
mean free path and other benefiting effects, and hence, is critical for rapid, high-density nucleation. 
Effects of substrate temperature and CH4 concentration are also important. This further implies 
that C2H X (x < 6) and CH4 also contribute to nucleation, but CHi_3 dominates under very low 
pressure. The very-low-pressure method seems to be the only candidate to make diamond deposition 
on titanium films applicable. It also sheds light on how to increase the diamond growth rate. 
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I. INTRODUCTION 

Great progress has been made in recent years in 
the field of chemical vapor deposition (CVD) of diamond 
under low pressure. As one of the most important issues, 
nucleation has always been one of the main focuses of 
research, as it is the first and also the critical step for 
diamond synthesis. Technically, to achieve rapid, high- 
density nucleation is very important for achieving uni- 
form, high-quality diamond films. It is also critical in the 
effort to achieve hetero-epitaxial diamond films. Theoret- 
ically, the mechanism has to be clear to optimize the de- 
position parameters, to guide the experiments and indus- 
trial production process. Both aspects are important for 
the purpose of fully utilizing diamond, which has so many 
extraordinary propertiesu For the most commonly used 
silicon substrate, high-density nucleation is no longer a 
problem in either microwave-plasma CVD (MPCVD) or 
hot filament CVD (HFCVD) up to date. In MPCVD, 
it was first solved using negative bias method by Jeng 
et ala and later developed by Yugo et aln The highest 
density achieved using-this method is 10 10 -10 11 cm~ 2 , re- 
ported by Stoner et aln Recently, Wolter et al applied an 
ac bias to .the substrate and also obtained high-density 
nucleationfl In HFCVD, high-density nucleation .on Si 
has been achieved by Zhu et al using negative biasO and 
by Chen and Lin using electron emission.Q'H An elec-tppn- 
emission-enhancement (EEE) mechanism emerged.Lrcl In 



addition to the EEE method, this problemiias also been 
solved using a very-low-pressure technique.B£3 A density 
comparable to the highest value achieved in MPCVD was 
reported on unscratched, mirror-polished Si substrates, 
with a very rapid nucleation rate and a high uniformity.E£l 
Apart from these technical developments, the mechanism 
of diamond nucleation is still not very clear, although 
models have beeii-|PC|Stulated to accommodate those spe- 
cific techniques .Boid'Ed 

Titanium, in addition to Si, is another important 
substrate material in diamond synthesis due to its spe- 
cial industrial applications; it has been one of the major 
materials for the speaker's vibrational membranes. The 
super-high Young's modulus (1.05 x 10 12 N/m 2 ) and the 
great acoustic velocity (18.5 km/s) of diamond make it 
alluring to further coat thin Ti films with thin diamond 
films to achieve high-fidelity acoustics. Unfortunately, Ti 
as a substrate has not received as much attention as Si. 
In result, diamond deposition on Ti, especially on thin 
Ti films, has not been intensively studied. 

Two problems make it difficult to deposit diamond 
films on Ti. First, the Ti substrate undergoes serious hy- 
drogenation and embrittlement in the presence of hydro- 
gen at high temperature during the deposition process. 
At high temperature, titanium absorbs r a, r great amount 
of hydrogen to form titanium hydride.E3uJ This prob- 
lem is usually overlooked when thick Ti substrates are 
used (0.5 mm or thicker). However, for very thin Ti 
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substrates, e.g., tens of microns for a typical speaker's 
membrane, this becomes a predominant problem. Hy- 
drogenation can render the thin Ti wafers very fragile 
and unusable. The other serious problem lies in the diffi- 
culty of getting rapid, high-density nucleation because of 
the easy formation of very thick intermediate TiC layers 
(We use TiC ta.denote various forms of titanium carbide 
in this paper) O This worsens the hydrogenation problem 
by prolonging the deposition duration. Park and LeeEil 
reported that nucleation began only after the TiC lay- 
ers grew to as thick as 50 /im, and that diamond films 
became continuous only after > 240 min deposition at 
the substrate temperature of 700° C. Such a long time at 
this temperature usually causes very serious hydrogena- 
tion for thin Ti substrates. 

The (dc and/or ac) bias methods do not seems to 
be able to solve the problems, as they usually need 30-60 
min or even longer for in situ pretre&tment and nucle- 
ation under temperature 650-900°Cjj , Elllij which could 
cause very serious hydrogenation of the Ti substrates and 
formation of thick TiC layers. The EEE method seems 
to be able to get high-density nucleation within a short 
time. However, using this method, as well as using the 
bias methods, nucleatiQp-iproceeds from the edge to the 
center of the samplepEnl3 which may take a pretty long 
time to get uniform nucleation across a large substrate, 
and thus, result in the serious problems. All these nu- 
cleation enhancing methods seem to fail or need to be 
modified to adapt to the Ti substrates. 

Recently, Chen and LintZl reported a two-step pro- 
cedure to deposit diamond films on thin Ti wafers (~40 
jxm thick) with little hydrogenation and little TiC for- 
mation. The very-low-pressure technique was employed 
to get rapid, high-density nucleation (10 9 cm -2 ) within 5 
min. Thus the nucleation process was dramatically short- 
ened. Oxygen was used to lower the subsequent growth 
temperature to greatly reduce the hydrogenating speed. 
So far, the very-low-pressure method seems to be the only 
practical one for diamond nucleation on thin Ti wafers. 
In order to fully utilize this technique, optimize the ex- 
perimental parameters and make clear the mechanism, it 
is necessary to make clear the detailed process of the nu- 
cleation and how it is influenced by other experimental 
conditions. 

Following our previous work, we report in this pa- 
per detailed study of the process of diamond nucleation 
on Ti substrates with increasing nucleation time under 
very low pressure (1 torr), and the influence of substrate 
temperature and CH4 concentration under such pressure. 
Rapid, high-density nucleation on Ti was achieved within 
2 min at a density of 10 8 -10 10 cm 2 . While overly high 
substrate temperature led to a lower density, higher CH4 
concentration increased the nucleation rate and density. 
The mechanism of diamond nucleation was discussed in 
detail, revealing the critical prerequisite of high super- 
saturation of carbon/hydrocarbon on the substrate sur- 
face for diamond nucleation. While the pressure effect, 
which leads to a much higher concentration of reactive 



hydrocarbon radicals near the substrate surface, is criti- 
cal, the temperature and the CH4 concentration are also 
important factors, implying that C2H X (x < 6) and CH4 
(through decomposition into Cfi3)also contribute to nu- 
cleation, but CH X (x < 4) is the main hydrocarbon pre- 
cursor for nucleation under very low pressure. 

II. EXPERIMENTS 

Our experiments were conducted in a typical 
HFCVD device, as reported in ref. [Tt]. To repeat briefly, 
a 0140 mm and 500 mm long fused silica tube was used 
as a deposition chamber. Tungsten wires of 00.2 mm 
wound into coils of 02.5 mm were used as filaments, 
whose temperature was measure by an optical pyrom- 
eter. The substrates were polycrystalline Ti wafers in 
the size of 0.5 x 8 x 10 mm 3 , whose temperature was 
measured with a thermocouple. The filament-substrate 
distance was fixed at ^8 mm. Before loaded into the 
deposition chamber, all substrates were scratched with 
1.0 /zm diamond powder, and then chemically cleaned 
with acetone in an ultrasonic bath for 10 min. The nu- 
cleation conditions were listed in Table ffl. Please note 
that the pressure used, 1.0 torr, was much lower than 
the usual pressure, tens of torr. Subsequent growth was 
also allowed when necessary. The growth condition will 
be mentioned where appropriate. Four groups of experi- 
ments were done to investigate the detailed process of nu- 
cleation with increasing nucleation time and the effects of 
very low pressure, substrate temperature and CH4 con- 
centration. The as-deposited samples were characterized 
mainly with scanning electron microscopy (SEM), while 
Raman spectroscopy was also used with necessary. The 
nucleation density was measured from the SEM photos, 
and the size of the nuclei was measured from the scanned 
high-resolution image files of the SEM photos with a 
much higher magnification in Adobe Photoshop on com- 
puter. 

III. RESULTS 

Fig. |l| shows the SEM surface morphology of the 
Ti substrates in experiment Group I after (a) 2 min, (b) 
3 min nucleation under very low pressure (1 torr) and (c) 
3 min nucleation under 1 torr plus 10 min growth under 
normally low pressure (20 torr). The substrate tempera- 
ture and CH4 concentration for nucleation were ~810°C 
and 3 vol. %, respectively. The growth conditions were: 
Tf = 2000°C, T s = 780°C, [CH 4 ] = 1.5 vol. %, and 
F = 100 seem. The densities in Fig. 0(a) and Fig. |(b) 
were measured to be 1.5 x 10 10 cm -2 and 3 x 10 9 cm -2 , 
respectively. Evidently, very high densities were achieved 
under very low pressure (1 torr) within only 2 min, which 
was an amazingly high .nucleation rate, in contrast to the 
report by Park and LeeEJ and even that on a Si substrate 
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under normal pressure. Usually, the nucleation density 
on a scratched Ti substrate is no larger than that on 
a scratched Si substrate under usual pressure, which is 
10 7 -10 8 cm -2 . Our result was 2-3 orders of magnitude 
higher, mainly due to the very low pressure. Subsequent 
growth for 10 min gave rise to a very good crystallinity 
of the diamond crystallites with an average size of 0.3 
fiva, as shown in Fig. 0(c). Raman spectrum analysis 
also confirmed a good quality of the crystallites. The 
density of the crystallites was approximately the same 
as that in Fig. 0(b), demonstrating that all the nuclei in 
Fig. 0(b) were able to grow into a diamond crystallite. 
In addition, the nuclei distributed very uniformly. An 
SEM image of the same sample as in Fig. 0(a) with a 
lower magnification is shown in Fig. 0(d). Scratch marks 
of the diamond powder are visible. In contrast with the 
situation for nucleation under normal pressure, however, 
no preferential nucleation along the marks can be seen. 
The rough surface of the substrate was believed to to be 
a result of the formation of TiC layer, which was usually 
very loose and porous, and on top of which nucleation oc- 
curred. As the nucleation durations were very short, the 
TiC layer could not be thick. It should be mentioned that 
the substrate temperature could not be exactly the same 
as the processes were so short. Moreover, the scratch- 
ing for different substrates could not be identical. These 
might explain the difference between the densities in Fig. 
0(a) and (b). 

More detailed study of the nucleation process was 
performed at a higher substrate temperature. Fig. 
shows the SEM images of the samples in Group II af- 
ter (a) 0.5 min, (b) 1 min, (c) 2.5 min, (d) 5 min nucle- 
ation, (e) 5 min nucleation plus 10 min growth, and (f) 
0.5 min nucleation plus 14 min growth. The nucleation 
conditions are listed in Table || The difference between 
Group II and Group I was the temperature. The growth 
conditions were: F = 100 seem, p = 20 torr, [CH4] = 1.5 
vol. %,T f = 2000° C, and T s = 800° C. A continuous de- 
velopment of the nucleation with time is presented. From 
Fig. 0(a), 0.5 min seemed to be too short to make the nu- 
clei large enough to be visible, if they formed. After 1 
min (Fig. 0(b)), the nuclei became visible under the spe- 
cific magnification of the SEM photo, although they were 
still very tiny. The average size of the visible ones was 
approximately 0.1 /im. The density was approximately 
6 x 10 7 cm~ 2 . After 2.5 min (Fig. 0(c)), the nucleation 
density increased to approximately 3 x 10 s cm -2 and the 
nuclei became larger, their size being ~0.15 /im. After 5 
min, the density was ^4 x 10 s cm -2 , nearly the same as 
in Fig. |2|(c) except that the nucleus size increased to ~0.3 
/im and some of them merged. Obviously, the density ac- 
tually attained to its final value after 2.5 min under the 
specific experimental conditions. When 10 min growth 
was allowed following 5 min nucleation, the density of the 
diamond particles remained the same, while the size grew 
to ~0.4 /im, as shown in Fig. 0(e). From 2.5 min (Fig. 
0(c)) to 5 min (Fig. 0(d)), the size grew approximately 
linearly with the nucleation time. Fig. 0(e) indicates that 



the deposition rate under normal pressure (20 torr) was 
much lower than that under very low pressure (1 torr). 
Fig. 0(f) was used to determine whether or not nuclei 
formed within the first 0.5 min; 14 min growth was al- 
lowed after 0.5 min nucleation. The particle density was 
^4 x 10 s cm~ 2 , and the particle size averaged 0.2 /im, re- 
vealing that nuclei actually did form even within the first 
half minute, although they were too small to be visible in 
Fig. 0(a). In addition, a comparison of the nucleus size 
and the deposition time (14.5 min in total) with those in 
Fig. 0(d) (0.3 /mi, 5 min nucleation only) and Fig. 0(e) 
(0.4 /im, 5 min nucleation plus 10 min growth) further 
confirms that the deposition rate under 1 torr was higher 
than that under 20 torr. 

Compare with Group I, we see that the final nu- 
cleation density at the substrate temperature 850° C was 
lower than that at 810° C. 

The effect of CH4 under very low pressure was in- 
vestigated in experiment Group III. Fig. shows the 
SEM images of the samples after 2.5 min nucleation with 
the CH4 concentration of (a) 0.35, (b) 0.7 and (c) 6 
vol. % while all the other conditions were the same as 
in Group II, since Fig. ||(c) is also considered as one 
of this group. The nuclei, if any, are invisible in Fig. 
0(a), as the methane concentration was too low. For 0.7 
vol. %, several nuclei, can be seen as tiny white spots 
(smaller than 0.1 /im) from Fig. 0(b) , implying a den- 
sity of ~10 6 cm -2 . For high CH4 concentration in Fig. 
0(a), the density was approximately 8 x 10 s cm -2 with an 
average nucleus size of ~0.22 /zm. While the density in 
Fig. 0(c), corresponding to [CH 4 ] = 3 vol. %, was much 
higher than that in Fig. 0(b), the density at 6 vol. % 
(Fig. 0(c)) was even higher. This demonstrates that a 
higher CH4 concentration led to a higher nucleation rate 
and a higher density, and that a too low concentration 
was not suitable for nucleation. 

The effect of pressure was further checked in ex- 
periment Group IV, as shown in Fig. |I| the SEM image 
of a sample after 5 min nucleation under pressure 10 torr. 
The other conditions was the same as in Group II. The 
nucleation density was approximately 5 x 10 7 cm~ 2 with 
an average nucleus size of < 0.2 /im. This is the typical 
density obtained under normal pressure (tens of torr), 
one order of magnitude lower than that under 1 torr with 
all the other conditions being the same (Fig. 0(d)), not 
alone that in Fig. 0(a). This also confirms that the high 
nucleation density in Fig. 0(f) was indeed a result of the 
nucleation within the first half minute. 



IV. DISCUSSIONS 

Usually, under normal pressure (tens of torr), it 
takes 30 min or longer to get considerable nucleation on 
scratched Si or Ti substrates, and the density is no larger 
than 10 7 -10 8 cm -2 . Compare with our results obtained 
under a much lower pressure (1 torr) in Fig. fil and Fig. 0, 
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it is clear that both the nucleation rate and the nucleation 
density were dramatically enhanced by the very low pres- 
sure, for which the density was 1-3 orders of magnitude 
higher and the nucleation took place at a much higher 
rate. While this enhancement was mainly attributable 
to the much longer mean free P^th of the gaseous species 
under the much low pressure]I3 overly higher substrate 
temperature gave rise to lower nucleation density, and 
higher CH4 concentration led to higher rate and density, 
which revealed more information about the nucleation 
mechanism. 

Generally speaking, various processes take-place 
on/near the substrate surface during nucleationJia The 
carbon ad-atoms may diffuse into the substrate and form 
carbide; the substrate atoms may also diffuse out of the 
bulk, and also form carbide. These two processes make 
nucleation more difficult . It requires a sufficient high 
amount of carbon and/or hydrocarbon species to achieve 
a high supersaturation so that nuclei can still form in 
spite of these two processes. There exists a competi- 
tion between the formation of carbide and diamond nu- 
clei. In addition, the ad-species may move along the 
substrate surface, as the substrate temperature is pretty 
high. The larger the mobility, the more difficult to form 
stable nuclei. While various phases of carbon may form, 
it is necessary to select sp 3 (diamond) preferentially and 
suppress the formation of sp and sp 2 (various forms of 
non-diamond carbon). This will require a large amount 
of atomic hydrogen on/near the substrate surface, which 
also plays a critical role in creating nucleating sites. 
Therefore, higher concentration and supersaturation of 
hydrocarbon species on the substrate surface makes it 
easier for them to accumulate to form nuclei, whereas 
higher mobility of the ad-species and higher diffusivity 
of carbon atoms hinder the nucleation process. 

For Ti substrate, the diffusion of carbon and Ti 
atoms is more serious for other substrates such as Si. As 
can be seen from Fig. [lj^|, the TiC layer is very loose and 
porous, which makes it very easy for the carbon atoms to 
diffuse into the bulk of the substrate and for the Ti atoms 
to come out. Actually, carbon atoms have the highest 
diffusivity in TiC among all carbides, which makes the 
formation of thick TiC layers extremely easy and thus 
the nucleation very difficult. Under normal pressure, a 
long, continuous process.-af nucleation and formation of 
TiC is observed, usuallyE-3 This makes it extremely im- 
portant to achieve very high supersaturation of carbon 
on the substrate surface so that a high-density, contin- 
uous layer of diamond nuclei forms within a short time 
and thus the diffusion and the formation of carbide is 
highly suppressed. 

As discussed in detail in ref. |Io|, the pressure of 1 
torr is 1-2 orders of magnitude lower than tens of torr. 
The mean free path of the gaseous species, A, which is 
inversely proportional to the pressure, is thus increased 
by a factor of several tens. Moreover, the probability for 
an atom or a molecule to travel a distance x without col- 
lisions, e~ x ' x , depends exponentially on A. Therefore, an 



increase of A by one order of magnitude can increase the 
probability by many orders of magnitude. The reactive 
hydrocarbon radicals are mainly generated in the neigh- 
borhood of the hot filament while the deposition takes 
place on the substrate at a distance (x = 8 mm in our 
experiments). The mean free path can be estimated us- 
ing the formula A = ksT / (\Z2nd p), where d is the sum 
of the radii of the two colliding atoms/molecules, ks is 
the Boltzman constant, T is the temperature and p is 
the pressure. We take T ~ 1700°C as an average tem- 
perature between the filament and the substrate. As the 
gas is composed mainly of molecular hydrogen, we take 
the radii of H atoms, H2 molecules and CH X species jta 
be approximately 0.75 A, 1.0 A and 1.6 A, respectively.1121 
Thus, the mean free path for hydrogen atoms is estimated 
to be 0.13 mm and 1.3 mm under 10 torr and 1 torr, re- 
spectively. For hydrocarbon species, it is approximately 
0.06 mm and 0.6 mm under 10 torr and 1 torr, respec- 
tively. Then the probability for an H atom created by the 
filament to transport to the substrate will increase from 
~10 -27 to ~10 -3 when the pressure changes from 10 torr 
to 1 torr, and that for a hydrocarbon radical will increase 
from ^10 -58 to ^10~ 6 ! As the radii of the gas species 
can not be exact, these exponentials may vary quit a lot 
depending on the values of the radii used. Nonetheless, 
the big difference remains within a reasonable range of 
the radii. Therefore, the concentration of both the re- 
active hydrocarbon radicals and atomic hydrogen is dra- 
matically increased on/near the substrate surface, so is 
the supersaturation of carbon. The increase amount of 
atomic hydrogen is critical to generate a large density of 
nucleating sites and guarantee that diamond is formed, 
not just non-diamond carbon. This is the main reason 
why the nucleation is greatly enhanced under very low 
pressure. 

Apart from the long mean free path, other effects 
of the very low pressure also contribute. Under very low 
pressure in our experiments, there existed a strong cur- 
rent of electrons emitted from the hot filament, which 
was 0.5 A or higher. The energy of the electrons ranged 
from up to ^80 eV, high enough to decompose the hy- 
drocarbon species in a collision. As we found earlier, the 
energetic electrons could result in an increase of the con- 
centration and the kinetic energjiLof atomic hydrogen and 
reactive hydrocarbon radicals .00 Due to the long mean 
free path, more energetic, reactive hydrocarbon radicals 
arrive at the substrate since the filament temperature is 
much higher than that of the environment. In addition, 
under lower pressure, .-the filament can decompose the 
gas more efFectively£3o These effects also add to the su- 
persaturation of the reactive hydrocarbon species on the 
substrate surface, presenting a nucleation enhancement 
effect. 

Comparison of the nucleation density between 
Fig. [I] and Fig. || reveals that higher substrate tempera- 
ture leads to a lower nucleation density. The diffusivity 
of a carbon atom into the substrate or of a Ti atom out of 
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the substrate is proportional to e~( Wd ~ E ^ kBT , where E 
is the energy of the atom, Wd is the corresponding energy 
barrier against diffusion, and T is the substrate temper- 
ature, ~800°C. Suppose Wd is independent of tempera- 
ture, then at higher substrate temperature, E is higher 
and fcsT is larger, therefore, the diffusivity is larger. This 
then requires a higher supersaturation of carbon to nu- 
cleate. Also higher temperature leads to a much higher 
surface mobility of the ad-species, which is similarly pro- 
portional to e^ E ~ Wm ^ kBT . Now W m is the energy barrier 
against the movement on the surface. Presumably, it is 
very small, even smaller than the kinetic energy of the 
ad-species. Therefore, at higher temperature, a larger 
part of the carbon is used to form carbide, and also it 
is much more difficult for the hydrocarbon ad-species to 
conglomerate at some nucleating sites to form stable di- 
amond nuclei. In result, a lower nucleation density is 
observed at a lower rate, as shown in Fig. ||. 

The CH4 concentration is naively also an impor- 
tant factor. Obviously, the concentration of the hydro- 
carbon species near/on the sample surface is proportional 
to it. Fig. |(a), (b), Fig. gc), and Fig. |(c) show a 
continuous increase of the nucleation rate and the nucle- 
ation density. A too low concentration, e.g., 0.35 vol. % 
in Fig. |^(a), is insufficient to form nuclei as the diffu- 
sivity of carbon into the Ti substrate is too high, and 
all the hydrocarbon radicals are actually converted into 
TiC. Higher CH4 concentration builds up a higher super- 
saturation of hydrocarbon on the substrate surface, and 
thus enhances nucleation. 

Our estimate about the mean free path seems to 
indicate that the pressure effect dominate, making all 
other factors unimportant. However, a comparison of 
Fig. H and Fig. |] tells that it is not the case. Fig. || 
shows a strong influence of the CH4 concentration. A 
too low CH4 concentration could not lead to high density 
nucleation, although the pressure was very low (1 torr, 
Fig. ||(a)). On the other hand, at normal pressure (10 
torr, Fig. ^), high CH4 concentration could also lead to 
considerable nucleation, though the density is not high. 
This sheds some light on the mechanism of nucleation. 

First, not all collisions result in loss of reactive 
hydrocarbon radicals and/or atomic hydrogen through 
recombination, as the gas is mainly composed of molec- 
ular hydrogen. The CH4 concentration is typically less 
than 5 vol. %. In addition, only a small percentage of 
CH4 is decomposed to CH X (x < 4). The total amount 
of atomic hydrogen is estimated to be of the order of 1%. 
Therefore, the chance for an H atom or a CH X radical to 
meet an H atom or CH X is reduced by a factor of ~100. 
In addition, even collisions between, say, two H atoms 
does not necessarily lead to recombination. Thus, the ef- 
fective "mean free path" in terms of recombination may 
be over ten times larger, if we do not consider the energy 
exchange in collisions. In result, the effect of very low 
pressure may not be as strong as estimated earlier. Even 
so, the probability for an H atom and a CH X radical to 
get onto the substrate without recombination is still en- 



hanced by a factor of ~10 2 and ~10 5 , respectively when 
the pressure is lowered from 10 torr to 1 torr. 

Second, some hydrocarbon radicals, such as C2H X 
(x < , 6L I which also contribute to nucleation and 
growth JiaEirEa are actually created through collisions be- 
tween CH X (x < 4) .0 Their concentration may decrease 
when pressure is lowered. In addition, some collisions 
may result in exchange between an H atom and a methyl 
radical, such as H + CH4 ^ H2 + CH3, which is not nec- 
essarily unfavorable for nucleation. 

Third, apart from CHi_3, CH4 also contributes to 
the nucleation and growth process as it can be converted, 
into methyl radical in the vicinity of the substrateJl3'E3 
Its concentration of CH4 is basically independent of its 
mean free path. Carat and Goodwin studied the change 
of CH3 concentration near the substrate surface with 
the substrate temperature under normal pressure, and 
showed an considerable increase when the substrate tem- 
perature increased from 700°C to 1000°C r ,while the con- 
centration of C2H X remained unchanged.cJ Four millime- 
ters away from the substrate, the CH3 concentration was 
much less dependent on the substrate temperature. At 
~660°C, the concentration of CH3 near the substrate sur- 
face was very small, only about 20% of that at 4 mm 
away. At this substrate temperature, the contribution 
of the substrate is small, and the CH3 was mainly from 
decomposition of CH4 by the filament. At 800° C, the ra- 
tion increased to 40%. This shows that considerable part 
of CH3 is actually generated from CH4 on/near the sub- 
strate under normal pressure. This factor makes the to- 
tal CH3 concentration deviate from the exponential falloff 
versus distance from the filament, especially in the neigh- 
borhood of the substrate surface, so that a considerable, 
though poor, nucleation density is still observed under 
normal pressure. However, the substrate temperature is 
too low to decompose CH4 effectively. Nontheless, the 
contribution of C2H X and CH4 (through CH3) has to be 
assumed to explain the nucleation behavior under normal 
pressure. 

Last, the hydrocarbon precursors for deposition 
are mainly CHi_3 and C2H X . The former is from the de- 
composition of CH4 partly by filament and partly by the 
substrate. The latter is mainly from chemical reaction 
between methyl radicals during transportation from the 
filament to the substrate. Both have comparable con- 
tribution to the nucleation under normal pressure. Us- 
ing the result of Carat and Goodwinj2a the CH3 con- 
centration due to the filament falls off by a factor of at 
least 25 for a distance of 8 mm (the substrate-filament 
distance in our experiments). Under very low pressure, 
the mean free path is much longer, and thus, the part 
of CHi_3 due to the filament is dramatically increased, 
while the other part and the C2H X concentration do not 
increase. The strong effect of the pressure reveals that 
CH4 and C2H X do not contribute much under very low 
pressure, as compared with CHi_3. Frenklach suggested 
that the H-abstraction-C2H2-addition mechanism dom- 
inates among various deposition reactions.Ea However, 
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this does not seem to be true in our case, as lowering 
pressure actually somehow decrease the concentration of 
C2H X . In agreement with our argumentation, Wu and 
Hong's recent work also suggests that CH3 is the main 
hydrocarbon precursor for diamond deposition, whereas 
C2H2 is not efficient in diamond depositionO 

On the other hand, if we assume that the effect of a 
pressure change from 10 torr to 1 torr was approximately 
countered by the change of CH4 concentration from 3 
vol. % to 0.3 vol. %, then the effective mean free path 
of CH X in terms of recombination would be about 50 
times that in terms of collision. If this was true, then 
the probability for, say, a CH3 radical and an H atom 
to recombine when colliding would be smaller than 10%. 
However, due to the inaccuracy of the radii of various 
gas species and to the contribution of CH4 and C2H X , 
the actual situation is much more complicated. 

It is worth mentioning that the nucleation seems 
to take place preferentially on protruding convex features 
of the surface, as can be seen from the SEM images. 
As suggested by Dennig and Stevenson, this may be at- 
tributed to a minimized interfacial energy and more dan- 
gling bonds, etc at these sites. However, the model of 
enhanced nucleation at sites with concave curvature on 
a 2-dimensional surface by Louchev et al is yet to be 
verified ED 

In spite of all the difficulties in getting accurate 
information, it is clear that a very low pressure increases 
the mean free path, greatly increases the concentration of 
reactive hydrocarbon radicals and atomic hydrogen, and 
builds up supersaturation of hydrocarbon on the sub- 
strate surface, which is necessary for nucleation. The 
obvious effect of the CH4 concentration indicates that 
C2H X and even CH4 also contribute to the deposition 
process, though far less than CHi_3 does under very low 
pressure. 

Since this method can achieve high density nucle- 
ation at a very rapid rate, it can greatly reduce the du- 
ration for nucleation and thus solve to a large extent the 
serious problems of hydrogenation and the formation of 
thick carbide layers, as reported in ref. [Tt]. Further work 
is necessary to optimize the experimental parameter to 
minimize hydrogenation and the formation of carbide. 

The pressure effect can be used to promote the 
growth rate of diamond. As CHi_3 is one of the main hy- 
drocarbon precursors, a relatively lower pressure should 
be used to increase the mean free path, and the filament- 
substrate distance should be as short as possible, since 
the probability for a methyl radical to move without col- 
lisions from the filament to the substrate depends ex- 
ponentially on both the pressure and the distance. In 
this situation, the surface morphology of the resulting 
films may be different from that under normal pres- 
sure, as the ratio of concentration between CHi_3 and 
C2H X is changed for the above reasons; this ration deter- 
mines jaihich facet, (111) or (100), of diamond to appear 
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V. SUMMARY 

Very rapid nucleation was obtained on titanium 
substrates with a high density ranging from 10 8 cm~ 2 to 
10 10 cm -2 , 1-3 orders of magnitude higher than that ob- 
tained under normally low pressure of tens of torr. The 
nucleation process was studied in detail, revealing that 
rapid, high-density nucleation could occur within the first 
half minute. The effects of temperature and CH4 effects 
indicates that, in addition to CHi_3, C2H X and CH4 also 
contribute in nucleation. On the other hand, the strong 
pressure effect indicates that their role is much less im- 
portant than that of CHi_3 under very low pressure. 
All these can be explained in terms of the supersatura- 
tion of carbon and/or hydrocarbon species on/near the 
substrate surface, which is a prerequisite for nucleation. 
There exists a competition between the diffusion of car- 
bon atoms to form carbide and the nucleation process. As 
the formation of TiC is so easy for titanium substrate, 
relatively lower substrate temperature should be used to 
reduce the diffusivity of carbon atom and to decrease the 
rate of the formation of TiC. Furthermore, high supersat- 
uration of carbon is necessary to satisfy both processes at 
the very beginning so that a layer of high density nuclei 
is formed quickly to suppress the formation of TiC. With 
a considerably high CH4 concentration, very low pres- 
sure leads to an increased mean free path, exponentially 
increases the concentration of atomic hydrogen and re- 
active hydrocarbon radicals, especially, CHi_3, near/on 
the substrate surface. While atomic hydrogen is criti- 
cal in generating a high density of nucleating sites and 
guaranteeing the formation of diamond, high hydrocar- 
bon concentration helps to win the competition against 
the quick formation of carbide. This method has solved 
the problems of hydrogenation and carbide formation to a 
very large extent. It also implies that lower pressure and 
shorter filement-substrate distance may result in greatly 
enhanced growth rate. 
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FIG. 3. SEM photos of samples in Group III after 2.5 min 
nucleation under p = 1 torr and different CH4 concentrations: 
(a) 0.35, (b) 0.7 and (c) 6 vol. %. Also consider Fig. |(C) as 
one of this group. The density increased with increasing CH4 
concentration. 



FIG. 4. SEM image of a sample after 5 min nucleation 
under 10 torr. The density, ~5 x 10 7 cm -2 , was one order 
of magnitude lower than that obtained under 1 torr while all 
other conditions were the same (Fig. ^(d)). 



FIG. 1. SEM images of samples in Group I after (a) 2 min, 
(b) 3 min nucleation under 1 torr and (c) 3 min nucleation 
nucleation under p — 1 torr plus 10 min growth under p = 20 
torr. (d) is the same as (a) but with a lower magnification. 
T 3 = 810° C for nucleation. Nucleation did not occur prefer- 
entially along the scratch marks. The density was as high as 



FIG. 2. SEM images of samples in Group II after (a) 0.5 
min, (b) 1 min, (c) 2.5 min, (d) 5 min nucleation, (e) 5 min 
nucleation plus 10 min growth and (f) 0.5 min nucleation plus 
14 min growth. The pressure for nucleation and growth was 
1 torr and 20 torr, respectively. T 3 — 850° C for nucleation. 
Nucleation reached its final density, ~4 x 10 8 cm -2 , within 
2.5 min, and (f) shows that nucleation occurred during the 
first half minute. The density was lower than that in Group 
I. 
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TABLE I. Experimental parameters for nucleation. 



parameters 


Notations 


Group I 


Group II 


Group III 


Group IV 


Flow rate (sccm) a 


F 


77 


72 


70 


72 


CH4 concentr. (vol.%) 


[CH4] 


3.0 


3.0 


0.35-6.0 


3.0 


Filament temp. (°C) 


Tf 


2050 


2050 


2050 


2050 


Substrate temp. (°C) 


T s 


810 


850 


850 


850 


pressure (torr) 


P 


1 


1 


1 


10 


duration (min) 


t 


2, 3 


0.5-5.0 


2.5 


5 



a sccm denote cubic centimeter per minute at STP. 



8 



1.5 [Am 

Figure 1 



8 



Figure 2 



3 Mm 



9 




10 



Figure 



11 



